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ABSTRACT 
Background:  Footwear remains a prime candidate for the prevention and rehabilitation of Achilles 
tendinopathy as it is thought to decrease tension in the tendon through elevation of the heel. However, 
evidence for this effect is equivocal. 
Purpose:  This study used an acoustic transmission technique to investigate the effect of running 
shoes on Achilles tendon loading during barefoot and shod walking.  
Methods:  Acoustic velocity was measured in the Achilles tendon of twelve recreationally–active 
males (age, 31±9 years; height, 1.78±0.06 m; weight, 81.0±16.9 kg) during barefoot and shod 
walking at matched self–selected speed (3.4±0.7 km/h). Standard running shoes incorporating a 10–
mm heel offset were used. Vertical ground reaction force and spatiotemporal parameters were 
determined with an instrumented treadmill. Axial acoustic velocity in the Achilles tendon was 
measured using a custom built ultrasonic device. All data were acquired at a rate of 100 Hz during 
10s of steady–state walking. Statistical comparisons between barefoot and shod conditions were made 
using paired t–tests and repeated measure ANOVAs. 
Results:  Acoustic velocity in the Achilles tendon was highly reproducible and was typified by two 
maxima (P1, P2) and minima (M1, M2) during walking. Footwear resulted in a significant increase in 
step length, stance duration and peak vertical ground reaction force compared to barefoot walking. 
Peak acoustic velocity in the Achilles tendon (P1, P2) was significantly higher with running shoes. 
Conclusions: Peak acoustic velocity in the Achilles tendon was higher with footwear, suggesting that 
standard running shoes with a 10–mm heel offset increase tensile load in the Achilles tendon. 
Although further research is required, these findings question the therapeutic role of standard running 
shoes in Achilles tendinopathy. 
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INTRODUCTION 
Paragraph Number 1 Achilles tendinopathy is a common lower limb injury, which has a protracted 
clinical course that often requires lengthy and difficult clinical management plans (1). Footwear 
remains a prime candidate for the prevention of tendinopathy and is often used as a key therapeutic 
intervention in Achilles tendon rehabilitation post injury (1). Inadequate heel offset (heel elevation) in 
running shoes has long been anecdotally implicated in the development of Achilles tendinopathy, and 
modification of footwear via heel lifts has been suggested to be an effective treatment for Achilles 
tendon disorders based on self–reported clinical outcomes (14, 23). It has been speculated that the 
inherent heel offset in traditional running shoes, elevates the heel, shortens the muscle–tendon unit, and 
thereby decreases the load in the Achilles tendon during gait (31). However, supporting evidence for 
this effect remains equivocal. Elevation of the heel, in the order of 15 to 18 mm, has been estimated to 
either increase (9), decrease (11), or have no effect (3, 10, 31) on peak tensile loading of the Achilles 
tendon during running.  
 
Paragraph Number 2 To date the majority of studies evaluating the effect of footwear on Achilles 
tendon loading have focused on running gait and used inverse dynamic models, to indirectly estimate 
tendon loads (9-11, 31). Although insightful, indirect estimation of internal tendon loads using the 
inverse approach is not without limitations. As noted by Gregor et al.(13) in comparing direct and 
indirect estimates of Achilles tendon loading during cycling, inverse dynamic models may over–
estimate tendon loads by as much as 50%. While studies investigating direct loading of the Achilles 
tendon in vivo during sports–related activities have been performed (12, 18), such experiments are 
typically highly invasive, and have not specifically evaluated the effects of footwear. Acoustic 
transmission techniques, in contrast, have the potential to provide direct non–invasive estimates of 
human tendon loading and have been widely used to evaluate the mechanical properties of human bone 
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in vivo (38). Studies in animal tendon have also confirmed that the axial transmission of acoustic waves 
is governed by the bulk modulus and density of tendon and is proportional to the tensile load to which 
it is exposed (16, 20, 26, 28). 
 
Paragraph Number 3 The aim of this study, therefore, was to explore the use of an acoustic 
transmission technique to investigate the effect of standard running shoes on Achilles tendon loading 
during walking. Since there is a positive correlation between acoustic velocity and tension in tendon (4, 
28), it was hypothesized that acoustic velocity in the Achilles tendon would be lower during walking in 
shoes with an inherent heel offset (elevation) compared to unshod gait. 
 
MATERIALS & METHODS 
Participants 
Paragraph Number 4 Twelve healthy adult males were recruited from university faculty to 
participate in the study. The mean (± SD) age, height, body mass and foot length of participants was 
31 ± 9 years (range, 20 – 47 years), 1.78 ± 0.06 m, 81.0 ± 16.9 kg, and 26.4 ± 0.9 cm, respectively. 
Participants were non–smokers, non–medicated and recreationally active based on self–report. No 
participant reported a medical history of diabetes, inflammatory joint disease, familial 
hypercholesterolemia or Achilles tendon pain or pathology. No participants reported a history of 
Achilles tendon surgery. All participants gave written informed consent prior to participation in the 
research. The study received approval from the university human research ethics committee and was 
undertaken according to the principles outlined in the Declaration of Helsinki. 
 
Equipment 
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Paragraph Number 5 A flexible twin–axis strain–gauge electrogoniometer (SG110A, Penny and Giles, 
Biometrics, Gwent, UK) and accompanying angle display unit was used to estimate the change in ankle 
flexion with footwear during quiet bipedal standing. The end–blocks of the device were fixed to the 
skin overlying the lateral calcaneus and the distal aspect of the fibula of the right ankle using double 
sided adhesive tape, and further secured with surgical tape (34). The electrogoniometer has a resolution 
of 1°, and the device has been shown to be accurate to within 1.5% over a 100° range (33). 
 
Paragraph Number 6 Vertical ground reaction force and temporospatial gait parameters were 
determined during barefoot and shod walking using an instrumented treadmill system (FDM–THM–
S, Zebris Medical GmbH, Isny, Germany). The treadmill system is comprised of a capacitance–based 
pressure platform housed within a variable speed treadmill. The pressure platform had a sensing area of 
108.4 x 47.4 cm and incorporated 7168 sensors, each approximately 0.85 x 0.85 cm. The treadmill had 
a contact surface of 150 x 50 cm and its belt speed could be adjusted between 0.2 and 22 km/h, at 
intervals of 0.1 km/h. The grade of the contact surface of the treadmill was maintained in a horizontal 
position (0%) throughout testing. Reported coefficients of variation for the majority of temporospatial 
gait parameters are typically below 10% for repeated measures (30). 
 
Paragraph Number 7 Axial acoustic velocity was synchronously measured in the right Achilles 
tendon using a custom built ultrasonic device and a five element ultrasound probe similar to that 
described previously (28, 29). The probe consisted of a 1MHz broadband pulse emitter and four 
regularly spaced receivers (range, 33.0 – 40.5 mm) and was positioned over the midline of the 
posterior aspect of the Achilles tendon, with the emitter placed 1cm above the calcaneal attachment. 
The probe was maintained in close contact with the skin by means of coupling medium and 
elasticized straps (Figure 1). The received ultrasonic signals were digitized at 10 MHz and the time 
of flight of the first arriving transient signal between receivers was estimated using the first zero 
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crossing criterion (2). Average acoustic velocity was subsequently calculated given the known 
distance between receivers and the measured time of flight. The reported error in predicting applied 
tensile force in tendon from direct measures of acoustic velocity is typically <2% (4). 
 
< Insert Figure 1 around here > 
 
Protocol 
Paragraph Number 8 Participants reported to the gait laboratory wearing lightweight, comfortable 
clothing and having abstained from vigorous physical activity on the day of testing. The skin overlying 
the posterior Achilles tendon and lateral aspect of the right shank was shaved and cleaned using 
standard alcohol abrading methods. Following fixation of the probe and electrogoniometer to the right 
leg, participants were afforded a 10–minute treadmill acclimatization session. During the 
acclimatization session, participants were instructed to adjust the speed of the treadmill to a 
“comfortable” walking pace using a previously outlined method (30). The defined gait speed was 
subsequently used to evaluate acoustic velocity in the Achilles tendon during shod and unshod 
(barefoot) gait conditions. The order of each gait condition was randomized between participants and 
each gait condition was followed by a rest period in which ankle angle was measured during quiet 
bipedal stance. 
 
Paragraph Number 9 A standard running shoe (Oregon, Adidas, Herzogenaurach, Germany) ranging 
in size between US 9.5–11.5 (length 29.4 – 30.9 cm) and mass between 359 – 396 gm, with identical, 
flexible mesh uppers and incorporating a single density EVA midsole and rubber outsole were used for 
the shod condition. The midsole and outsole hardness of the shoes was 60 ± 1 and 88 ± 1, respectively, 
as determined by a Shore A Durometer, which measures resistance to indentation on a dimensionless 
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scale ranging from 0 to 100. All shoes were made by the same manufacturer and had a heel offset 
(elevation) of 10 mm (forefoot height, 17.0–19.5 mm; heel height, 27.0 – 29.5 mm). 
 
Paragraph Number 10 After 5 minutes of shod and unshod steady–state walking, acoustic velocity in 
the right Achilles tendon, vertical ground reaction force and basic temporospatial gait data were 
sampled over a 10–second period and at a rate 100 Hz.  
 
Data Reduction and Statistical Analysis 
Paragraph Number 11 Proprietary software (Zebris Medical GmbH, Isny, Germany) was used to 
calculate mean temporospatial gait parameters including cadence, step and stride length, step width, 
foot rotation, stance and stride times and swing phase and single and double support durations (Table 
1). With the exception of stride and stance times, temporal data was expressed as a percentage of the 
gait cycle. Vertical ground reaction force data were exported in ASCII format and custom computer 
code (Matlab R2012a, MathWorks, Natick, MA) was subsequently used to identify the magnitude 
(FZ1–FZ3) and timing (TFZ1–TFZ3) of conventional vertical ground reaction force peaks for each step 
(Figure 2). The relative time to each force maxima and topic minima was expressed as a percentage of 
the stance phase duration. Peak force loading rate (PFLR), defined as the greatest rate of force change 
during the first 20 ms of the gait cycle, was calculated using previously outlined methods (32), while 
the total–foot impulse (FTI) was estimated by numerical integration of the vertical ground reaction 
force with respect to time (40). Topic maxima and minima in acoustic data were analyzed and the peak 
rate of change in acoustic velocity during loading of the Achilles tendon was also calculated using 
custom computer code. Mean values were calculated for all steps recorded within the 10–second data 
capture period, which equated to an average of 12.1 ± 1.6 steps during barefoot walking and 11.3 ± 1.7 
steps during shod walking.  
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< Insert Figure 2 around here > 
 
Paragraph Number 12  The Statistical Package for the Social Sciences (SPSS Inc, Chicago, IL, USA) 
was used for all statistical procedures. Kolmogorov–Smirnov tests were used to evaluate data for 
underlying assumptions of normality. Outcome variables were determined to be normally distributed, 
so means and standard deviations were used as summary statistics. Paired t–tests were used to evaluate 
potential differences in acoustic parameters, cadence, stride length, step width, double support and gait 
cycle duration.  For all other variables, differences between shod and unshod conditions were assessed 
using repeated measures ANOVA within a generalized linear modeling framework. In each case, 
condition (Shod and barefoot) and limb (left and right) were treated as within–subject factors. 
Underlying assumptions regarding the uniformity of the variance–covariance matrix were assessed 
using Mauchly’s test of sphericity. When the assumption of uniformity was violated, an adjustment to 
the degrees of freedom of the F–ratio was made using Greenhouse–Geisser Epsilon, thereby making 
the F–test more conservative.  Since there were no statistically significant main effects for limb, only 
data for the right limb have been presented. An alpha level of .05 was used for all tests of significance. 
 
< Insert Table 1 around here > 
 
RESULTS 
Paragraph Number 13  Running shoes increased mean ankle plantarflexion by 4° ± 2° during quiet 
bipedal stance and resulted in a significant decrease in cadence, and duration of single support and an 
increase in step length, stance duration, double support, peak vertical ground reaction force and peak 
force loading rate during treadmill walking when compared to barefoot walking (Tables 1 & 2). 
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< Insert Table 2 around here > 
 
Paragraph Number 14  Acoustic velocity in the Achilles tendon was highly reproducible during heel–
toe walking and was characterized by two maxima (P1, P2) and two topic minima (M1, M2) (Figure 3). 
The mean–within subject coefficient of variation for acoustic maxima and minima during steady–state 
walking ranged between 0.2% ± 0.1% and 1.0 ± 0.6%. 
 
< Insert Figure 3 around here > 
 
Paragraph Number 15  Although there was no significant difference in minimum acoustic velocity 
(M1, M2) with footwear (Table 3), peak acoustic velocity in the right Achilles tendon (P1, P2) was 
significantly higher with running shoes with a 10–mm heel offset. There was no significant difference 
in the peak rate of change in acoustic velocity in the Achilles tendon during loading in barefoot and 
shod conditions. 
 
< Insert Table 3 around here > 
 
DISCUSSION 
Paragraph Number 16  Peak acoustic velocity of the Achilles tendon in the current study was 
comparable to that reported previously for human tendon (≈ 1900–2050 m.s-1) (28, 29), and was of a 
similar pattern to the force in the Achilles tendon measured directly with implanted force transducers 
during walking (12, 18). As described by Komi et al. (18), force in the Achilles tendon is typically 
reduced after heel contact and is followed by a second steep rise in tendon load during the stance. In the 
11 
current study both the first and seconds peaks in acoustic velocity (P1, P2) were highly reproducible 
during steady–state walking (mean within–subject coefficient of <1%), which is consistent with earlier 
observations that the peak–to–peak amplitude of Achilles tendon force is invariant across a range of 
walking speeds (1.1–1.8 m.s-1) (12). In contrast to our hypothesis, however, peak acoustic velocity in 
the Achilles tendon was significantly higher during shod, compared to barefoot, treadmill walking 
suggesting that standard running shoes with a 10–mm heel elevation increase tensile load in the 
Achilles tendon during walking. 
 
Paragraph Number 17  While the present experimental setup did not allow for a mechanistic 
explanation for the increase in Acoustic velocity of the Achilles tendon observed during shod gait, 
previous research has highlighted the potential influence of heel elevation, through high–heeled shoes 
(8.5–10 cm), to increase muscular activity and co–contraction of a number of lower limb muscles 
during over–ground walking (25, 37). However, consistent effects of high–heeled shoes on lower leg 
muscular activity, particularly of the Triceps Surae, are not universally reported and the 
electromyographic effects of heel offsets commonly used in traditional running shoes is even less clear 
(37). Although Scott et al. (35) detected a small but statistically significant increase in peak EMG 
activity of only the medial Gastrocnemius between walking barefoot and with standard running shoes 
(heel offset, 20mm), others have found no significant differences during running with heel offsets of 
18mm (11). While the effects of standard running shoes on muscle activity may be mediated, in part, 
by midsole properties (39), quantification of tensile force on the basis of the surface EMG remains 
elusive, particularly during dynamic activities such as gait (8). 
 
 Paragraph Number 18  It is noteworthy that the shoes used in this study resulted in significant 
changes in a number of basic gait parameters. Consistent with previous research investigating 
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footwear–effects in running (3, 7, 17), shod walking in the current study was characterized by a 
lower cadence (-5 steps/min), greater stride (5%) and step length (5%), and longer step duration 
(12%) than barefoot, despite walking at identical speeds. When expressed as a percentage of the gait 
cycle, participants adopted a relatively longer stance phase duration (4%) and shorter swing phase (-
4%) during shod walking when compared to barefoot gait. The footwear used in this study also 
increased ankle plantarflexion by approximately 4° during quiet bipedal stance. While changes in static 
ankle angle with footwear may not reflect dynamic changes during gait, comparable changes in peak 
ankle plantarflexion have been reported previously during walking with elevation of the heel (18 mm) 
and with standard running shoes (11).  Farris et al.(11) proposed that the resultant ankle plantarflexion 
with heel elevation (18 mm) effectively lengthened the Achilles tendon moment arm, and thereby 
reduced loading in the Achilles tendon. The results of the current study, however, tend not support this 
concept, as the increase in static ankle plantarflexion observed with footwear in the current study was 
accompanied by an increase in acoustic velocity of the Achilles tendon during gait. Interestingly, while 
studies using 2D imaging–based estimates have suggested that the Achilles tendon moment arm is 
increased with ankle plantarflexion (24), more recent estimates using 3D imaging techniques have 
shown the opposite effect, with Achilles tendon moment arm either unchanged or even decreased with 
ankle plantarflexion (15, 36). It should be noted that measures of acoustic velocity, as employed in the 
current study, are neither predicated on estimates of the tendon moment arm, nor require assumptions 
regarding the contribution of agonist and antagonist muscles to the net ankle joint moment, both of 
which have been shown to induce substantial errors in estimates of tendon loading (13, 36). 
 
Paragraph Number 19  Shod walking in the current study was characterized by higher active vertical 
ground reaction forces (5–7%) and a lower external PFLR (38–44%) when compared to the barefoot 
walking. Although running shoes have been previously reported to lower peak external force loading 
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rates during running (7, 17), we observed no significant difference in the peak rate of acoustic 
transmission in the Achilles tendon between shod and barefoot conditions. Thus, peak external force 
loading rates as defined in the current study, do not necessarily correspond with internal loading rates 
of the Achilles tendon during walking. Moreover, while standard running shoes acted to increase the 
magnitude of tensile load in the Achilles tendon during walking, they would seem to have a 
negligible influence on the rate of Achilles tendon loading.  
 
Paragraph Number 20  The use of acoustic transmission techniques to investigate the effect of running 
shoes on Achilles tendon loading is not without limitation. The propagation of acoustic waves in soft 
tissue media is influenced by several factors, including the density, temperature, hydration and bulk 
modulus of the tissue through which it passes (26). Although tendon hydration and temperature may 
reasonably be assumed to be stable during shod and barefoot gait conditions in the current study, there 
is evidence, albeit in animal models, that the composition of the Achilles tendon may vary along its 
length (6). Thus it is unknown whether the effects of footwear observed in the current study are 
applicable to the entire tendon structure. Similarly, the mechanical properties and response of the 
Achilles tendon to load may differ between sexes and over the life–span (19, 22). While gender–
differences in tendon properties are not universally reported (27), it is important to note that this study 
was limited to evaluating the effects of a standard running shoe in a small sample of healthy adult 
males walking at a single (preferred) gait speed and on the same day. The effect of footwear observed 
in the current study, therefore, may have represented a transient response and may not be directly 
transferable to Achilles tendon loading with habitual use, in children, females, older aged cohorts or at 
markedly faster or slower gait speeds. Similarly, while the ‘cushioning’ properties and bending stiffness 
of running shoes have been suggested to influence muscle activity and gearing at the ankle joint (3, 39), 
this study evaluated only a single shoe design that incorporated a hard midsole material (Shore A 
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Durometer, 60 ± 1) and a 10mm heel offset. Consequently, the effects of individual components of the 
shoe, such as midsole cushioning and effective heel offset, on tendon loading could not be elucidated. 
Moreover, treadmill systems are known to induce both spatial and temporal constraints on gait, and 
have been shown by some, to alter neuromuscular co–ordination and subsequent lower extremity joint 
moments and powers during walking (21). While other research has shown treadmill walking has 
negligible effect on fascicle behavior of the Triceps Surae when compared to over–ground walking (5), 
the findings of this study may not necessarily be representative of unconstrained walking in ‘real-
world’ settings outside of the laboratory. 
 
Paragraph Number 21 Nonetheless, the findings of the current study suggest that, in comparison to 
barefoot walking, standard running shoes with a 10–mm heel offset induce global changes in vertical 
ground reaction force and temporospatial gait parameters in healthy adults that act to increase tensile 
load in the Achilles tendon. Although further research elucidating potential mechanisms underpinning 
the observed effect are required, the results of this study raise questions as to the potential preventative 
and therapeutic effects of standard running shoes in the management of Achilles tendinopathy. 
 
CONCLUSIONS 
Paragraph Number 22  This study is the first to show that standard running shoes increase Achilles 
tendon loading, as defined by an increase in acoustic velocity, during treadmill walking. These findings 
question the potential role of standard running shoes in the prevention and therapeutic management 
of Achilles tendinopathy and suggest that footwear with a 10–mm heel offset may increase loading in 
the Achilles tendon during gait. 
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FIGURE LEGENDS 
Figure 1. Axial acoustic velocity was measured in the right Achilles tendon using a custom built 
ultrasonic device (U), which was maintained in close contact with the skin by means of an acoustic 
coupling medium and elasticized straps. The end–blocks of a flexible twin–axis strain–gauge 
electrogoniometer (G) were fixed to the skin over the lateral aspect of fibula and calcaneus using 
double sided adhesive tape and further fixed with surgical tape. 
 
Figure 2. Illustration of vertical ground reaction force parameters calculated from the instrumented 
treadmill system. The force–time integral, or total foot impulse, is represented by the area under the 
curve, while the peak force loading rate (PFLR) was the maximum rate of force change within the first 
20 ms of the gait cycle. Note that time to force maxima (TFZ1 and TFZ3) and topic minima (TFZ2) was 
expressed as a percentage of the stance phase duration. 
 
Figure 3. Typical acoustic velocity recorded in the right Achilles tendon during barefoot (dashed line) 
and shod (solid line) walking at a matched gait speed. Shaded bands indicate stance phase. Note that 
the acoustic velocity in the Achilles tendon was characterized by two maxima (P1, P2) and two minima 
(M1, M2) during each gait cycle. 
 
